During an interventional magnetic resonance imaging (MRI) procedure, various kinds of surgical and interventional devices, such as needles, catheters, and guidewires, that contain metallic components are used inside the MRI scanner. Interference of these devices with radiofrequency pulses is known to be a possible health risk. The radiofrequency (RF) power delivered by an RF body coil may become concentrated on these metallic devices and may cause a significant increase in the specific absorption rate (SAR), potentially resulting in excessive local temperature rise and burns (1).
During an interventional magnetic resonance imaging (MRI) procedure, various kinds of surgical and interventional devices, such as needles, catheters, and guidewires, that contain metallic components are used inside the MRI scanner. Interference of these devices with radiofrequency pulses is known to be a possible health risk. The radiofrequency (RF) power delivered by an RF body coil may become concentrated on these metallic devices and may cause a significant increase in the specific absorption rate (SAR), potentially resulting in excessive local temperature rise and burns (1) .
This risk is very well known and has been extensively studied (2) . The source of this problem is also well known (3) . This temperature rise has been shown in a multitude of studies by many investigators (4 -8) . Unfortunately, absolute values of the results are conflicting, primarily because the methods used in these measurements have not been uniform. In addition, guidelines that could be used to prevent this problem from occurring in humans have not been established.
During an MRI procedure, RF pulses are applied to the subject in order to excite the spins and generate echo signals, which are used to generate images. As an undesired side effect, the temperature of the subject increases as a result of absorption of the RF energy (9) . The amount of applied RF energy depends on the pulse sequence that is being used, the type of the coil that is used to transmit this energy to the body, and the size, shape, and electromagnetic and thermodynamic properties of the body. This effect is very well known and various guidelines that are in place are safely used (10) . Reported RF safety problems are only related to the use of metallic devices that come into contact with the body (11) . The existence of metallic devices inside or in contact with the body during an MRI examination is infrequent. As a safety precaution, during routine diagnostic examinations, patients are asked to remove all the metallic objects that may be in contact with their body. With few exceptions, the presence of metallic implants is a contraindication for MRI examinations. When the subject is free from metallic devices, an MRI examination can be conducted very safely with current guidelines, as used in approximately 2 million examinations per year.
With the advent of interventional MRI technology (12) , the use of metallic devices during an MRI examination, either internally or in contact with the body, is becoming a necessary condition for many examinations. In many minimally invasive procedures, needles, guidewires, and catheters are used. It is well known that when these metallic devices are used, the RF pulses cause an induction of electrical current and an accumulation of electrical changes on these wires and these currents, which produce a high local electric field and results in an increase in the local specific absorption rate (SAR). Because SAR and temperature are related, some local temperature rise is to be expected. It is important to note that although this process seems complex, it is possible to calculate and estimate the amount of heat and temperature rise for a given condition. While local heating is real and significant, knowing the amount of temperature increase is sufficient to conduct a safe MRI examination because the amount of power applied during an MRI examination is adjustable by the user. Currently, MRI scanners are equipped with software and/or hardware that limit the applied power level to a predetermined level. Although this power limitation causes a reduction in MRI scanner imaging capabilities, many imaging sequences can be used very effectively within these limits. It is, therefore, important to understand completely the amount of temperature rise for a given RF power.
Unfortunately, current government guidelines are not suitable for furthering this understanding. In United States, the Food Drug Administration (FDA) recommends that (A) whole body SAR should not be more than 4 W/kg and (B) SAR should not exceed 8 W/kg anywhere in the head or torso when the SAR is averaged over 1 gram of tissue (10) . Similarly, in the extremities, up to 12 W/kg of SAR is allowable when it is averaged over 1 gram of tissue. In parallel to this recommendation, there is a recommended temperature limit for local heating. It is recommended that the temperature rise due to SAR application should not be more than 1°C anywhere on the head. The corresponding temperature limit for the torso is 2°C, and°C for extremities. Given that a typical body has daily core temperature fluctuations between 36 to 38°C and the temperature stability of the head is far more important than of the extremities, it is relatively easy to justify the FDA's local temperature rise limits. However, the relation between the temperature and SAR limits has not been well justified. On the other hand, measurement of the temperature rise in vivo is difficult. Because of these problems, the confusion in the field continues.
Multiple temperature measurements were conducted for guidewire tip heating in a phantom. Nitz et al. (5) measured an 11°C increase in 12 s with an estimated SAR of 1 W/kg application to the phantom. Others (8,13) measured more than a 20°C increase. In an article by Konings et al. (7), a 50°C temperature increase in 30 s was observed when an SAR of 4 W/kg was applied. In a 1997 article, Chou et al. showed a 14°C temperature increase in 4 min when a pulse sequence with an estimated SAR of 1 W/kg was used (14) . This body of work confirms the importance of this problem and justifies a need for a careful analysis of the problem.
One of the main problems with the temperature measurement techniques used in the literature is that the thermodynamic properties of the phantoms that are used in the experiments do not match the thermodynamic properties of the human body. Some investigators used water or saline solution as a phantom. Although the electromagnetic properties (such as electrical conductivity and permittivity) of such phantoms are close to those of the human body, convection occurs in water or saline solution and causes significant underestimation of the simulated in vivo temperature profile. In order to solve this problem, investigators have used gel phantoms (15) . Although a gel phantom solves the convection problem, it is important to note that this type of phantom lacks perfusion. In the body, perfusion is one of the main means of heat transfer. An absence of the perfusion results in a significant overestimation of the actual problem (16) .
In order to formulate the problem (6), it is best to divide the RF safety problem into two components (Fig. 1) . The first component involves an electromagnetic problem where applied RF power to a body coil is transmitted to the body, causing a particular electric field distribution, which is directly related to the specific absorption rate (SAR) distribution. This SAR distribution is modulated by the existence of metallic components in the body. The SAR by itself is not a health risk. However, SAR causes a temperature increase and this temperature rise may cause burns. Therefore, the second component of the RF safety problem is a bioheat transfer problem: the problem of evaluating the temperature distribution, given the SAR distribution. The bioheat problem, in its general form, was investigated earlier and formulated with the wellknown bioheat equation (17) . If these two components of the problem are very well understood, the applied power from the MRI scanner can be adjusted to a level that will cause no significant increase in temperature.
We first discuss SAR distribution around active and passive metallic devices. Green's function averaging method will be introduced as a means of converting the Figure 1 . Flow-chart model of RF heating in MRI. The power, P(t), which is applied to the body coil, results in a specific absorption rate (SAR) distribution. This power absorption in the body results in a temperature change in the body. Change in the temperature is determined by thermal properties of the body, such as thermal conductivity and perfusion.
SAR distribution to temperature distribution. We then discuss a safety index as a metric for measurement of the safety of these devices. Last, we discuss methods to measure the safety of the devices. Let's start with analysis of the SAR distribution on metallic devices.
SAR DISTRIBUTION
We examine the SAR distribution calculation under three main categories: (A) body coil transmitter; (B) internal coil transmitter; and (C) coupling with metallic objects (Figure 2 ).
Body Coil Transmitter
The first case is the most common case, where a body coil is used to transmit the RF power and no metallic object is inside the body. The human body differs in size and shape from subject to subject. In addition, various body coil designs are used for different examinations. Finding a solution that applies to all cases is difficult. However, in clinical MRI scanners, almost all scanner manufacturers use a quadrature birdcage coil as an RF power transmitter ( Figure 2A ). The main advantage of the birdcage coil is its ability to generate a uniform magnetic field over the entire volume of interest. In order to make a first-degree approximation of the problem of heating, in an early study Bottomley et al. (9) assumed that the body is a uniform cylindrical object with finite conductivity. They also assumed that the wavelength is long compared with body size. In this case, the electric field becomes zero at the center of the object and increases linearly with radial distance from the center. Knowing that SAR is proportional to the square of the electric field magnitude, SAR becomes proportional to the square of the radial position ( Figure 3 ). It has been shown that SAR distribution may deviate from this approximate calculation when a more realistic model of the body is used in numerical calculations (18, 19) . In addition, when high field (3 T or higher) MR scanners are used, the heat profile deviates from the quadratic relation (20) .
Internal RF Transmitters
Internal MRI coils are rarely used as transmitters, primarily being used as receivers only (21, 22) . For catheter tracking applications (23) , this mode of operation has a big advantage. If the transmitter is an internal MRI coil ( Figure 2B ), calculations of the SAR distribution are rather straightforward. Almost all of the energy of the field is confined in a region around the antenna. In our laboratory, we use a loopless antenna (a coaxial cable with extended inner conductor) for imaging and tracking purposes (22) . When this antenna is used as transmitter, the power in the electric field around the antenna decreases with the distance from the antenna. In other words, SAR becomes approximately proportional to the inverse-square of the radial distance from the antenna (24) . As in the birdcage body coil, this relation is approx- imate and more accurate results can be found when a heterogeneous body model is used (Figure 4 ).
Coupling With Metallic Objects
A rather complex analysis is required to understand the relation between RF power deposition around an implant and the RF power applied to a body transmit coil. This complex problem becomes a rather straightforward problem for electromagnetic field solver software that uses advanced electromagnetic field solving methods such as methods of moments. For this article, the results are more important than the methods used to calculate them. In order to give the reader an intuitive understanding of the issues, we assume that a linear metallic wire of a finite length is placed inside the body along the axis of the body. As shown in Figure 5 , maximum heating occurs at both ends of the wire (24) . When the wire length increases, the heat deposition increases and, at a critical wire length, the heat deposition reaches its highest value and begins to decrease with further increases in the wire length. This critical length is sometimes called the resonance length and it is approximately half the wavelength of the transmitted RF pulse inside the object. At 1.5-T proton imaging, this length is approximately 18 cm long. The resonance length is inversely proportional to the strength of the field; that is, when 3-T proton imaging is used, the resonance length becomes 9 cm long.
It has been shown that insulation of the wires increases the resonance length significantly. Only a few microns of insulation is enough to make a significant change in the resonance length. In most cases, adding insulation decreases the RF power deposition at the tips of the wires. However, it is important to note that if the wire is already longer than the resonance length, adding insulation may cause an increase in RF power deposition. With 1.5 T, if 10-cm or shorter insulated wire is used, additional power deposition due to the presence of the wire becomes negligible. We return to this subject later.
Measuring SAR
Although most metallic devices, such as needles, guidewires, and catheters, used in interventional MRI procedures are linear structures, it is important to have a general understanding of the SAR distribution for any shape of metallic device. Although advanced electromagnetic field solvers may be used to analyze such complicated devices, a more straightforward method is direct measurement. Direct SAR measurement is also important for these devices in order to verify the theoretical results since theoretical errors are usually difficult to track down. One common method to measure SAR distribution is by using phantoms. For this purpose, a gel phantom that simulates in vivo conditions must be created. One important factor in the creation of the phantom is to match the electromagnetic properties. Fortunately, the permittivity of the gel is similar to body permittivity and no adjustment is necessary. On the other hand, the electrical conductivity depends on the salt content of the gel and must be carefully matched to the in vivo condition. The FDA recommends 0.8 g/L salt in preparation of the gel. Although conductivity of the tissue varies greatly (blood 1.2 Siemens/m, fat 0.035 Siemens/m at 64 MHz), if a single measurement is necessary, this solution may be used as an approximate average tissue conductivity. The metallic device that will be investigated can be placed inside the phantom during the phantom preparation phase.
When heat is uniform, the temperature of the phantom rises at a rate proportional to SAR. The value of SAR can be estimated by normalizing the slope of the temperaturetime curve to the heat capacity of the gel (usually taken as 4200 J/kg/°C). When the heat is not uniform, slope of the temperature-time curve changes because of heat conduction. In this case, the initial slope of the temperature time curve must be used in the measurement of SAR. It is assumed that there is no significant heat conduction during this initial heating period. If the measurement is conducted at the peak heating location, the slope of the temperature-time curve always decreases over time. It should be noted that when the heating is very localized, as in the case of wire tip heating, the slope may change very quickly and initial slope measurement is sometimes very difficult.
TEMPERATURE DISTRIBUTION
In the previous section, it was demonstrated that SAR distribution in the body can be calculated or measured very precisely. How does SAR distribution translate to temperature? The answer to this question depends on the thermodynamic properties of the environment. The thermodynamic behavior of the body has been studied extensively and summarized into the bioheat equation. In the case of safety analysis, the bioheat problem, that is, the problem of finding temperature variation given SAR distribution, can be solved using a relatively straightforward convolution operation with Green's function, where Green's function (or impulse response) is the temperature distribution as a result of point heating. While leaving some of the mathematical details of this calculation to the Appendix of this manuscript for the sake of decreasing the complexity of the text for the general reader, it is important to note that Green's function convolution (which is sometimes called Green's function averaging as opposed to the 1-g or 10-g averaging as used in the literature) can be conducted with a rather straightforward computer program once the intrinsic SAR distribution is known.
To show the difference between 1-g and 10-g averaging techniques and Green's function averaging techniques, we assume that a subject was heated with a loopless antenna transmitting 100-mW RF power when the antenna is assumed to be placed in an exercising muscle. As can be seen in Figure 6 , while 1-g averaging results in a greater than 10 W/kg local averaged heating value at the point of maximum heating, 10-g averaging shows a result just above 2 W/kg local averaged heating. In other words, this heating may be considered excessive when the 1-g averaging technique is used and acceptable when the 10-g averaging is used. While both techniques result in a completely different safety results, Green's function averaging estimates the expected temperature rise at the maximum heating location as 1°C. It is important to note that these results do not always have one level of bias. It is possible to generate sample SAR distribution cases where, although both 1-g averaging and 10-g averaging techniques may generate acceptable heating results, the Green's function averaging technique may result in excessive heating. The level of perfusion plays a critical role in the shape and scale of the Green's function-averaged curve.
In conclusion, the estimation of temperature variation in the body when local SAR is applied is a critical step.
If this estimation process is not carried out properly, a significant error in the safety margins may result, leading to unsafe use of interventional devices. Alternatively, the full performance of the MRI scanner cannot be realized because the currently applied safety margins are too restrictive. Adaptation of new improved RF safety guidelines for interventional MRI is necessary. Once these new reliable guidelines are in use, any metallic devices can be used in the MRI scanner by simply setting the applied RF power to an acceptable level.
SAFETY INDEX: A METRIC FOR LOCAL RF HEATING
Can we use guidewires, catheters, needles, or similar metallic objects inside the MRI scanner safely? In order to answer this question using the techniques that we discussed earlier, we need to place the metallic object inside a phantom that simulates the human body and measure (or calculate) SAR distribution around the object for a given RF power level and then apply Green's function averaging in order to determine the temperature distribution in the body. Note that the temperature scales with the applied power level; and once a maximum allowed temperature level is determined, the maximum allowed power level can be calculated. As can be estimated, the allowed power level depends on the type of body coil used and therefore the procedure must be repeated before every experiment. This will obviously create complications, given that not all physicians work in an environment conducive to obtaining such measurements and calculations.
In order to solve this problem, a simple, scanner-independent index based on the unit of°C/(W/kg) was proposed in order to label each interventional MRI device (6) . Assume that an interventional MRI device manufacturer labels their metallic device with a safety index of 4°C/(W/kg). That means that if the operator chooses an MRI pulse sequence with an SAR level of 1 W/kg, a local temperature rise of 4°C can be observed. With this knowledge, the physician in charge of the operation may order the operator not to exceed 0.25 W/kg to stay within the 1°C limit or he or she may choose to apply a higher power level, knowing the benefits and risks of this procedure for the patient. Therefore, such an index may be very important for the physician and simplify the interventional procedure tremendously.
The remaining question deals with how a manufacturer can measure or calculate the safety index. The solution to this problem is rather straightforward but requires very careful and sometimes time-consuming analysis. First, a gel phantom that simulates the body's electromagnetic properties must be constructed. Depending on the possible locations in the body that these interventional MRI devices will be placed, the phantom shape and size must be selected in a reasonable fashion.
Second, the worst heating positions and orientation for the device must be estimated. Although much depends on the body coil configuration and the location of the point of interest, the electric field is usually along the axis (z-axis) of the bore and the worst orientation occurs when the electric field and the axis of the device are aligned. The maximum heating typically occurs at the tip and/or sharp corners of the device. If this is not known, SAR measurements from multiple suspected locations must be conducted.
Third, the SAR distribution around the suspected heating location must be examined for a given unit (1 W/kg) of applied power. Two important error sources in this measurement are (A) difficulties in measurement of the SAR distribution and (B) the variability of the applied RF power. It is very critical to know the distribution of the SAR for a given device. The most accurate results are obtained by electromagnetic field simulator software; however, SAR measurement at multiple locations may Figure 6 . Comparison of 1 g, 10 g, and Green's function averaged SAR values. Temperature scale as a result of the Green's function averaging is matched to SAR scale by using Green's function gain. Green's function averaging does not consistently give lower averaged values than 1-g or 10-g averaging techniques. Its value depends on the perfusion level and the raw SAR distribution profile. In this figure, the perfusion level of the exercising muscle was used and SAR distribution was generated by a transmitting loopless antenna.
serve the same purpose. An experienced investigator may estimate the distribution based on the geometry of the device. Knowing the exact SAR distribution will be critical for the last step. An SAR measurement from the same location with and without the device will help to generate a normalized peak SAR value. It is important to note that the estimated SAR value generated by the MRI scanner software is not reliable if the size of the phantom is relatively small or the electrical conductivity of the phantom is significantly different than average body electrical conductivity. It is also important to note that typically SAR value is high at the surfaces and low in the center of the phantom (and the body as well.) In order to obtain a correct safety index reading, it is important to estimate the heating at the location of the interventional device to determine the correct normalization. Once the SAR distribution due to the presence of the interventional MRI device for a 1-W/kg input power level is known, the last step in calculation of the safety index can be conducted.
Fourth, a computer program should be written to calculate expected in vivo temperature rise for a given normalized SAR distribution, based on the equations given in the Appendix. It is important to note that the temperature rise of the phantom where there is no perfusion is expected to be higher than what is calculated. In some cases, this calculated value is significantly lower than what is measured as temperature on the phantom for a given 1-W/kg power level. It is also important to note that this steady-state temperature value on the phantom is usually reached after a very long period of time (on the order of several tens of hours depending on the size of the phantom), while the steady-state temperature in the body is reached anywhere from 10 seconds to 30 minutes, depending on the perfusion level.
As an example, the safety index of wires inside a 1.5-T MRI scanner is presented. In Figure 7 , graphs show the maximum safety index as 8°C/(W/kg) in resting muscle that will limit the applied RF power to 0.25 W/kg if a physician finds it acceptable to increase the temperature by 2°C at some portions of the body.
In Figure 8 , the safety index as a function of perfusion level for a resonant length wire is shown. As the perfusion level decreases, the value of the safety index increases. This means that the lower the perfusion level, the higher the temperature rise. The safety index of a 10-cmlong wire is shown to demonstrate that its safety index is almost identical to the no-wire case for all perfusion levels.
In this section, a straightforward but rather timeconsuming safety index measurement technique has been described. Although this measurement takes a significant amount of time and energy for the careful investigator, the results can be used in any MRI scanner without a need to repeat the measurements while using these on Figure 7 . Safety index of a bare wire and insulated wire in resting muscle in a 1.5-T MRI scanner. In the same graph, the safety index of wire-free case is shown as a reference. As can be seen, a 30-cm-long insulated write may cause a temperature rise greater than a 30-cm-long bare wire. An insulated wire, which has a length less than 10 cm, has minimal interaction with the RF field and therefore behaves as if there is no wire in the medium. patients. The physician must adjust the acceptable power level for a given procedure and the MRI pulse sequence should be limited by this power level for the rest of the procedure. Once these precautions are taken, interventional MRI procedures can be conducted with metallic devices without concerns for RF safety.
CONCLUSION
During an interventional procedure, there are many clinical problems on which the physician must concentrate. The RF safety aspects of the interventional MRI procedure should be resolved before the start of the procedure. A dosimetric approach has been successfully conducted with regard to the safety of X-rayϪguided interventional procedures. A similar approach will be very suitable for interventional MRI procedures with regard to the metallic implants and devices that will be used during an interventional procedure. Here, a review of the RF heating safety measurement techniques has been presented, with the hope that interventional MRI device manufacturers will adapt these safety measures, government regulators will accept these techniques as a standard, and, finally, physicians will use the methods to safely conduct interventional procedures, particularly when metallic devices are an issue. this equation, the temporal variation in temperature is assumed to be solely dependent on a combination of three components: (A) the Laplacian component (temperature variation of the temperature difference between the point of interest and the neighboring locations); (B) perfusion component (the heat is assumed to be taken away from the local heating area by blood); and (C) the SAR component (the temperature rise due to applied electromagnetic power to the point of interest. Although the effect of temperature loss at the skin can be placed as a boundary condition to this equation, the rate of heat production as a result of the local biochemical reactions at the point of interest has been ignored. Although this component is very significant in determining the absolute value of the temperature, because we are interested in ⌬T rather than absolute temperature, for a low variation of the temperature, we can safely assume that the rate of biochemical reaction is independent of the temperature.
The bioheat equation can be solved rather easily if the equation can be linearized. In so doing, we assume that none of the parameters described in the bioheat equation depends on temperature (this is a valid assumption if the variation of the absolute temperature is not large) and the point of interest is inside the subject and far away from the skin and other boundaries. Furthermore, the subject's thermal properties are position invariant. This assumption is also valid if the heating is local. Under these assumptions, the solution of the bioheat equation is: Although it is rather straightforward to put this equation into a computer program in order to perform the convolution, this equation can be simplified if one assumes that SAR is applied continuously and the steady state in vivo temperature is sought. In this case, the convolution equation becomes:
⌬T ss (r Both the steady-state version and the time-dependent version of Green's functions can be implemented with a computer simulator once the SAR distribution is known. These equations can be thought of as weighted averaging of the SAR in order to find the expected temperature. It is obvious that Green's function averaging method generates quite different results than 1-g or 10-g averaging techniques detailed in the literature.
